A growing body of evidence obtained from studies of different types of cancer strongly suggests that only a small subclass of cancer cells within a tumor are actually tumorigenic. [1] [2] [3] [4] We have previously shown that in breast cancer, a small population of cancer cells characterized by CD44 expression but low or undetectable levels of CD24 (CD44+CD24−/low) have a high tumorigenic capacity when injected into immunodeficient mice. 1 The rest of the cancer cells, called nontumorigenic breast-cancer cells, have little or no such ability. Tumors in mice that originate from purified tumorigenic breast-cancer cells contain a mixture of both tumorigenic and nontumorigenic breast-cancer cells. Thus, the CD44+CD24−/low population shares with normal stem cells the capacity for self-renewal. The clinical implications of this finding are substantial, because tumorigenic breast-cancer cells may have a high potential to invade and metastasize.
We used gene-expression profiling of tumorigenic breast-cancer cells to develop prognostic tools to assess survival in patients with breast cancer. Gene-expression profiling has been used to predict clinical outcomes in breast cancer. [5] [6] [7] [8] [9] [10] [11] We identified 186 genes that are differentially expressed in tumorigenic breast-cancer cells and normal breast epithelium and generated a gene signature that differs substantially from previously reported gene signatures in breast cancer. 5, 6, 12 Since this signature indicated the likelihood of a tumor to metastasize -a process involving invasion -we called it the "invasiveness" gene signature (IGS). An important finding was that the IGS was associated with the risk of death and metastasis not only in breast cancer but also in lung cancer, prostate cancer, and medulloblastoma. This finding suggests that the IGS represents general biologic features shared by several different types of tumor.
Me thods
The methods used to isolate tumorigenic breastcancer cells and normal breast epithelium are described in detail in the Supplementary Appendix, available with the full text of this article at www. nejm.org. Those used for RNA amplification, microarray analysis, real-time polymerase chain reaction, normalization of microarray data, and generation of the IGS are also described in the Supplementary Appendix.
The flow cytometric and molecular biologic experiments were performed by an academic author, who analyzed the results. An employee of the sponsor analyzed the microarray data, identified the IGS, and performed the statistical analysis. Both the academic authors and the employees of the sponsor had access to and held the microarray data and contributed to the study design, the interpretation of the results, and the writing of the manuscript. Dr. Clarke designed the study and contributed to the analysis of the results and the writing of the manuscript; he made the decision to publish the manuscript and vouches for the completeness of the data and for the analysis.
patient Data
Patient information, including both clinical data and gene-expression data, was obtained from two independent sources: the Netherlands Cancer Institute database, which included data for 295 consecutive patients with early breast cancer 10,12 (available at http://www.ncbi.nlm.nih.gov/ geo/) and the Erasmus Medical Center database, which included data for 286 patients with lymphnode-negative breast cancer 7,8 (available at http:// microarray-pubs.stanford.edu/wound_NKI). (A description of the transformation and analysis of the patient data is in the Supplementary Appendix.)
Statistical Analysis
Average linkage clustering was performed with the open-source Cluster software (version 3.0), 13 and the results were visualized with the use of the open-source TreeView software (version 1.0.13). 14 A Pearson correlation coefficient for the correlation between the expression data for each patient and the average expression of the gene signature (the average for the six samples of tumorigenic breast-cancer cells used to generate the IGS) was calculated with the use of the expression level of each of the 186 genes (or a subgroup of the genes available in a specific database). Patients were grouped according to the correlation values, with 0 or the average correlation coefficient used as the threshold. For the breast-cancer databases, we chose the calculated Pearson correlation coefficient of 0 as the threshold to separate patients into two groups, one with gene-expression profiles that were related to the IGS (correlation coefficient, >0) and the other with profiles unrelated to the IGS (correlation coefficient, ≤0).
Because the number of patients with medul- Function unknown AMMECR1, KIAA1287, LOC144233, LOC286505, PNAS-4, FLJ20530, THUMPD3, MGC45564, CAP350, ETAA16, HAN11, DNAPTP6, C7orf25, FLJ37953, FLJ10587, C7orf36, ELP4, NDEL1, NPD014, DKFZP564D172, FAM53C, IER5, LOC255783, KIAA0146, KIAA0792, LOC439994, LOC283481, CG018, LOC130576, NGFRAP1L1, KIAA1217, C4orf7, C21orf86, C9orf64, FLJ13456, KIAA1600, B7-H4, LOC80298, C7orf2, NUCKS, DKFZP566D1346, LOC388279, FLJ31795, C6orf107, FLJ12439, FLJ12806 cers (see Table 1 in the Supplementary Appendix) and normal breast-epithelium cells derived from three reduction mammoplasties. In five samples of breast cancers with sufficient numbers of cells for analysis, we confirmed that the CD44+CD24−/ low lineage cells, but not the other cancer cells, formed tumors in the mouse tumor assay (see Table 1 in the Supplementary Appendix). A set of 186 genes were selected on the basis of a significant difference, by a factor of 2, in the expression levels between tumorigenic breast-cancer cells and normal breast epithelium. A level of significance of 0.005 by Student's t-test was chosen for the comparison (for a description of the procedure, see the Methods section, Fig. 1 , and Table 2 , all in the Supplementary Appendix). Table 1 presents the classification of the 186 genes in the IGS (for a detailed annotation of the IGS, see Gene Annotation in the Supplementary Appendix). The list includes the genes involved in the nuclear factor-κB pathway, the RAS-mitogen-activated protein kinase pathway, and epigenetic control of gene expression (see the Results section in the Supplementary Appendix). These pathways have been shown to play critical roles in tumorigenesis, cell differentiation, and development. We compared the IGS signature with previously reported gene signatures in breast cancer. 15 Of the 186 genes in the IGS, only 6 overlapped with those in the wound-response (WR) signature, 12 and none of the genes in the IGS were found in other signatures, suggesting that the IGS is a new signature.
The IGS and Outcome in Breast Cancer
A Pearson correlation coefficient for the correlation between the expression value of the genes in the sample obtained from each patient in the database and that of the genes in the IGS was calculated, and the correlation coefficient was tested for its association with clinical outcomes in a survival analysis with the use of a Cox proportionalhazards model. With the use of the Pearson correlation coefficient, patients were divided into two groups: one group with gene-expression profiles that were related positively to the IGS (correlation coefficient, >0) and the other group with geneexpression profiles that were related negatively to the IGS (correlation coefficient, ≤0). A positive correlation was associated with reduced metastasisfree survival and reduced overall survival; the univariate hazard ratio for metastasis or death was 1.3 (P<0.001) and 1.4 (P<0.001), respectively, for each increase of 0.1 in the correlation coefficient ( Table 2 ). The estimated 10-year rates of overall survival and metastasis-free survival were 98% and 82%, respectively, among patients in the group with a correlation coefficient of 0 or less, and 62% and 54%, respectively, in the group with a correlation coefficient greater than 0 (Fig. 1) . A similar analysis was performed on the data from the Erasmus Medical Center for 109 of the 186 genes in the IGS; this database includes information only on metastasis-free survival. This analysis showed that the risk of metastasis was significantly higher among patients with an expression profile that correlated with the IGS (correlation coefficient, >0) than among those with AUTHOR: an expression profile that did not correlate with the IGS (correlation coefficient, ≤0) and with relapse rates of 43% (96 of 224 patients) and 16% (10 of 62 patients), respectively (P = 0.001 by the chi-square test).
The IGS and Clinical and Pathological Criteria
To determine whether the association between the IGS and the clinical outcome in patients with breast cancer was independent of standard clinical and pathological criteria, the 295 patients with breast cancer identified in the Netherlands Cancer Institute database were stratified according to tumor size, lymph-node status, histologic grade, and estrogen-receptor status. A univariate Cox proportional-hazards model was used to evaluate the association of the IGS with the clinical outcome in each category (Table 3 ). The association between the IGS and the risk of death or metastasis was significant regardless of tumor size or lymph-node status (P<0.05). Furthermore, the IGS could be used to stratify tumors with intermediate differentiation into good and poor prognostic subcategories (hazard ratio for a poor prognosis, 1.6; 95% confidence interval [CI], 1.2 to 2.1; P<0.001), but was less useful for stratifying tumors with poor and good differentiation (P>0.05). The association with the outcome was significant for tumors that were positive for estrogen receptor but not for those that were negative for estrogen receptor. In a multivariate Cox proportional-hazards analysis (Table 4) , the association between the IGS and death or metastasis was independent of tumor differentiation, patients' age, and estrogenreceptor status (P<0.05).
The IGS and Benefit of Adjuvant Treatment
The use of adjuvant chemotherapy in breast cancer is based on the prognostic criteria of the NIH (http://consensus.nih.gov) and the St. Gallen criteria. 16 We identified two groups of patients in the database of the Netherlands Cancer Institute who were at high risk for death or metastasis (284 identified according to the NIH prognostic criteria and 273 according to the St. Gallen criteria) and who would ordinarily be treated with chemotherapy. With the use of the Pearson correlation coefficient and the Kaplan-Meier method, the 284 patients identified on the basis of the NIH criteria were stratified according to the IGS. Of those patients, 21% (60 patients) had tumors with gene-expression profiles that correlated negatively with the IGS (correlation coefficient, ≤0); among these 60 patients, metastases developed in 13% (8 patients), and the 10-year rate of metastasis-free survival was 81% (see Fig. 2A and 2B in the Supplementary Appendix). By contrast, the gene-expression profile was strongly correlated with the IGS (correlation coefficient, >0) in 224 of the 284 patients; among these patients, metastatic disease developed in 41% (91 patients), and the 10-year rate of metastasisfree survival was 57% (P<0.001). When the same analysis was performed for the 273 high-risk patients identified on the basis of the St. Gallen criteria, the results were almost identical (P<0.001) (see Fig. 2C and 2D in the Supplementary Appendix).
Of the 295 patients with breast cancer in the Netherlands Cancer Institute database, 185 never received adjuvant chemotherapy. In this subgroup we evaluated the IGS independently of the confounding effects of adjuvant treatment. With the correlation threshold set at 0, the IGS signature divided the 185 patients into two groups: 42 patients with IGS-negative tumors (correlation coefficient, ≤0) and 143 patients with IGS-positive tumors (correlation coefficient, >0). Kaplan-Meier survival curves showed that the relapse rates at 10 years differed significantly in the two groups: 12% (5 patients) and 43% (62 patients), respectively (P<0.001).
Combined Use of the IGS and WR Gene Signature
The 512-gene WR signature is derived from transcriptional profiling of serum-stimulated fibroblasts. This signature correlates with overall survival and metastasis-free survival in patients with breast cancer. 8 The IGS and the WR signature are representations of different biologic phenomena and are based on nonoverlapping lists of genes. We compared the signatures and determined whether the result would be better with the two combined than with either signature alone. For this purpose, we used data on 262 patients in the Netherlands Cancer Institute database. When each signature was used alone, the significance of the association with the outcome was similar (see the Results section, Fig. 3 , and Table 3a , all in the Supplementary Appendix). In a multivariate Cox proportional-hazards analysis the IGS and the WR signature performed independently, with a hazard ratio for metastasis of 1.3 (95% CI, 1.1 to 1.5; P = 0.001) and 1.2 (95% CI, 1.1 to 1.4; P = 0.003), † The correlation coefficient for the IGS was modeled as a continuous variable. The hazard ratio is for each increase of 0.1 in the correlation coefficient. ‡ Tumor diameter was modeled as a continuous variable. The hazard ratio is for each increase of 1 cm in diameter. § Age was modeled as a continuous variable. The hazard ratio is for each 10-year increase in age. Group 1 included low-risk patients with a quiescent WR signature (as defined by Chang et al. 8, 12 ; see the Methods section in the Supplementary Appendix) and a negative IGS (correlation coefficient, ≤0), denoting a good prognosis. Group 2 included intermediate-risk patients with either an activated WR signature or a positive IGS (correlation coefficient, >0), denoting a poor prognosis. Group 3 included high-risk patients with both an activated WR signature and a positive IGS (correlation coefficient, >0), denoting a poor prognosis. At 10 years, relapse-free survival in the low-risk group, the intermediate-risk group, and the high-risk group was 80%, 69%, and 47%, respectively. respectively (see Table 3b in the Supplementary Appendix). This result suggested that the two signatures combined would perform better than either alone. Using the full data on the 295 patients from the Netherlands Cancer Institute database and both the IGS and the WR signature, we found that after 10 years of follow-up, metastatic disease had developed in 20%, 31%, and 53% of patients with tumors that were negative for both signatures, positive for one signature, or positive for both signatures, respectively (Fig. 2) . The results were almost identical when the analysis was performed for the subgroup of patients at high risk for relapse, according to the prognostic criteria of both the NIH and St. Gallen (see Fig. 4 in the Supplementary Appendix).
The IGS in Other Types of Tumors
To evaluate the contribution to the prognostic capacity of the IGS of transcriptional features that are specific to tumorigenic breast-cancer cells, as compared with nontumorigenic breast-cancer cells, we compared the transcriptional profiles of autologous pairs of tumorigenic and nontumorigenic breast-cancer cell populations that had been directly isolated from the three primary samples (see the Methods section and Table 1 in the Supplementary Appendix). On the basis of the 186 genes in the IGS, gene-expression profiles derived from tumorigenic breast-cancer cells correlated significantly with overall survival and metastasis-free survival at 10 years (P<0.001 for both comparisons), as compared with expression profiles from nontumorigenic breast-cancer cells (P = 0.3 for overall survival, and P = 0.06 for metastasis-free survival) (see Fig. 5 in the Supplementary Appendix). To validate this finding, we compared the gene-expression profiles of both tumorigenic and paired primary nontumorigenic breast-cancer cells with those of normal breast epithelium and evaluated the genes differentially expressed (tumorigenic breast-cancer cells vs. normal breast epithelium, and nontumorigenic breast-cancer cells vs. normal breast epithelium). The gene-expression profiles generated from tumorigenic breast-cancer cells were more closely associated with the outcome than were the gene-expression profiles generated from nontumorigenic breast-cancer cells (P<0.05) (see Fig. 6 in the Supplementary Appendix).
On the basis of these observations, we investigated whether the IGS could be applied to other types of cancer by testing the association of the IGS with overall survival and relapse-free survival in patients with lung cancer, prostate cancer, or medulloblastoma. With the use of the Pearson correlation analysis, data on 62 patients with lung cancer, 60 with medulloblastoma, and 21 with prostate cancer were analyzed, and patients were categorized according to tumors that were IGSnegative (a correlation coefficient that was less than or equal to the average value) and tumors that were IGS-positive (a correlation coefficient that was greater than the average value). With all three types of cancer, a gene-expression profile that was closely correlated with the IGS signature was associated with rates of overall or relapse-free survival that were less than 50% at 5 years (Fig. 3A) . Overall survival or relapse-free survival was higher among patients with a tumor that was negatively correlated with the IGS (>60% among those with lung cancer and >80% among those with medulloblastoma or prostate cancer; P = 0.03, P = 0.004, and P = 0.001, respectively) ( Fig. 3B and 3C ).
Dis cus sion
We compared the gene-expression profiles of CD44+CD24-/low tumorigenic breast-cancer cells and normal breast epithelium, using gene-expression microarrays. We identified a unique list of 186 differentially expressed genes and defined a gene signature that we named IGS. The association between the IGS and both overall survival and tumor recurrence was significant not only in patients A Pearson correlation coefficient was calculated for the correlation between the IGS and each tumor, on the basis of the expression values of the 186 genes included in the IGS or the subclass of genes available in each data set. Tumors were separated into two groups according to the correlation values, with the average used as the threshold. Kaplan-Meier survival curves for the two groups were compared, with overall survival (Panels A and B) and relapse-free survival (Panel C) as the clinical end points. Patients with tumors with a gene-expression pattern that was more similar to the IGS (a correlation coefficient that was higher than the average value) had worse outcomes than those with tumors with a gene-expression pattern that was less similar to the IGS (a correlation coefficient that was the same as or less than the average value). with breast cancer but also in those with lung cancer, prostate cancer, or medulloblastoma. The contribution of the tumorigenic breast-cancer-cell component of the IGS was essential to its association with the clinical outcome. These results suggest the clinical relevance of the CD44+CD24−/ low tumorigenic subclass of breast-cancer cells. There are several possible explanations for the association between the IGS and clinical outcomes in four different types of tumors. First, the signature may detect the genetic fingerprints of invasion pathways that are activated in aggressive tumors. Second, since the signature was derived from cells that behave like stem cells in mouse xenograft assays, it may detect an increased number of "cancer stem cells" in tumors. [1] [2] [3] [4] Tumors with a large number of cancer stem cells may be more likely to metastasize than tumors with a small number of cancer stem cells. The observation that the association between the IGS and the clinical outcome can be improved when the IGS is combined with the 512-gene WR signature is consistent with a model in which self-renewing cancer stem cells represent the seeds of cancer and the tumor microenvironment the soil that promotes the growth of those seeds. 17 Third, the IGS may detect transcriptional profiles associated with mutations that arrest cells in an immature state of differentiation and function as markers of more aggressive tumors.
In summary, we found that with the use of the IGS, patients with early breast cancer who are at high risk for metastasis or death can be stratified into two groups with substantially different 10-year relapse rates (13% vs. 41%), and more than 90% of patients in whom metastatic breast cancer develops can be identified. There was an association between the IGS and the clinical outcome in patients who had breast tumors with intermediate-grade differentiation, a group whose prognosis is difficult to assess. Further validation and refinement of the IGS by characterization of the gene subclass that acts synergistically with the WR signature or other gene signatures will help to establish and exploit the full clinical value of the IGS.
